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INTRODUCTION
Tetrazine derivatives constitute the most electron-deficient aromatic family [1] [2] [3] and display interesting properties as concern semiconducting and opto-electronic applications, e.g. redox reversibility on reduction and exhibit low potentials 2, 4, 5 and also they are coloured due to a n → π* low energy transition. [5] [6] [7] [8] In addition, several tetrazine derivatives are fluorescent in the visible wavelength region, λ max ~ 550-570 nm). [9] [10] [11] Desirable electronic properties have been described for 3,6-diphenyl-s-tetrazine (Ph 2 Tz, Chart 1) and some other diaryl derivatives 3, 4, 7, 8, 12, 13 which leads us to consider this family of compounds as suitable candidates for n-type semiconducting materials. A proven strategy to improve the n-type semiconductor properties is by functionalizing with electron-withdrawing substituents, such as F, Cl, Br and CN, since they increase the electron affinity and lower the electron injection barrier. [14] [15] [16] [17] [18] [19] These factors allow the use of more stable cathodes such as aluminum instead of the more reactive calcium (more prone to atmospheric degradation). [14] [15] [16] [17] [18] [19] [20] [21] The effect of attaching such electron-withdrawing substituents on chargetransport properties has been analyzed elsewhere (see, e.g. 14, 21-26). Perfluoropentacene constitutes a nice example as it exhibits electron mobility (µ) values as high as 0.22 cm 2 V -1 methods. The electron transport properties were evaluated on molecular crystals modeled from the X-ray crystal structure of (F 2 Ph) 2 Tz. Chart 1. Chemical formulae of 3,6-diphenyl-s-tetrazine and some derivatives.
EXPERIMENTAL SECTION
General. All reagents were of commercial quality and solvents were dried using standard procedures. 1 H and 13 C-NMR spectra were recorded in a Bruker Avance 400 and a Bruker Avance 500 spectrophotometers. The mass spectra were recorded with a high resolution mass spectrometer Waters Micromass AutoSpec NT.
Synthesis. The synthesis of bis(3,5-difluorophenyl)-s-tetrazine, (F 2 Ph) 2 Tz, was performed via a Pinner-type reaction between 3,5-difluorobenzonitrile and hydrazine, 8, 27 with N-acetylcysteine as catalyst (Scheme S1). Hydrazine hydrate (2.9 mL, 58.46 mmol) was dropwise added to a solution of 3,5-difluorobenzonitrile (2 mL, 58.46 mmol) and N-acetylcysteine (3.3 g, 19.49 mmol) in MeOH (20 mL) at room temperature, and the resulting mixture was stirred for 24 h at reflux temperature under Ar atmosphere. Then, the solvent was removed under reduced pressure and the solid residue was distributed between 15% NaOH aqueous solution and dichloromethane.
The organic layer was dried over anhydrous Na 2 SO 4 and evaporated under reduced pressure to give a reddish solid. This solid was dissolved in methanol and the resulting clear solution was stirred for 12 h in an open vessel at room temperature. Then, the red solid in suspension was collected by filtration, washed with methanol and dried under vacuum to afford 2 (see Scheme S1) with a 79 % yield (referred to 3,5-difluorobenzonitrile) as a spectroscopically pure red crystalline solid. Spectroelectrochemical experiments were performed at room temperature in an airtight optically transparent thin-layer electrochemical (OTTLE) cell equipped with Pt minigrid working and counter electrodes (32 wires cm -1 ), Ag wire pseudo-reference electrode and CaF 2 windows for a 200 µm path-length solvent compartment. 30 The cell was positioned in the sample compartment of a Perkin-Elmer Lambda-900
spectrophotometer. An initial potential was applied such that no electrochemical work was done. The applied potential was then increased in a small (50 -100 mV) step and the system allowed to reach equilibrium, as determined by both the decrease in current flowing through the cell and the reproducibility of spectra vs. time, before further increase in applied potential. When complete electrolysis had been achieved (as determined by the relative changes in the spectroscopic profile), the chemical reversibility was determined by back oxidation using a similar sequence of controlled potential steps. The controlled-potential electrolyses were carried out using an Autolab PG-STAT 30 potentiostat.
THEORETICAL AND COMPUTATIONAL METHODOLOGY
Electron injection and transport: theoretical considerations. High performances in n-type organic semiconductors are related to electron injection easiness as well as high charge carrier mobilities. [31] [32] [33] Low-energy LUMO levels and sufficiently high electron affinities are needed for efficient charge injections. 20, 31 The height of the potential barrier, i.e. the energy difference between the LUMO level and the work function (Φ i ) of the metal electrode is an essential factor which controls the efficiency of the process. [34] [35] [36] [37] This energy difference of less than 0.2-0.3 eV is generally accepted for an ohmic contact between semiconductor material and electrode to take place 36, 37 neglecting effects involving metal reactivity, interdiffusion within the metal-organic interface and temperature. 31 Electron affinity (EA), defined as the energy released when one electron is added to the system in the gaseous state, is also of great importance for a material to be considered as n-type semiconductor. It should be high enough to allow efficient injection of electrons into the empty LUMO although if the molecule is too electrophilic its ambient stability could be compromised. 31 In typical π-conjugated organic crystal materials with small bandwidths (< 1 eV) at room temperature, charge motion is generally produced by a hopping mechanism. This mechanism can be described as a self-exchange electron-transfer (ET) reaction between neighboring molecules within the framework of the Marcus-Levich-Jortner (MLJ) model. 38, 39 Accordingly, the rate constant for electron transfer (k ET ) can be expressed as: (1) where k B is Bolztmann's constant and T is the temperature, fixed at 300 K, t 12 and λ 0 stand for charge transfer integral and the classical contribution (mostly the external) to the reorganization energy fixed at 0.1 eV, respectively. Generally, in organic crystals the outer contribution is in the order of a tenth of an electronvolt as opposite to charge transfer in solution wherein the external part dominates. 18, 31, [40] [41] [42] ∆G 0 is the energy difference between the electronic states involved in the charge transfer process (equal to zero in the self-exchange process), S eff = λ i /ħω eff is the effective Huang-Rhys factor, λ i , the inner reorganization energy, and ω eff , the frequency of the effective vibrational mode assisting the process, fixed at ħ eff ~ 0.2 eV. The inner reorganization energy, λ i, for self-exchange consists of two terms corresponding to the geometry relaxation energies upon going from the neutral-state geometry to the charged-state one and vice versa 
where H is the electronic Hamiltonian of the whole system and ψ 1 and ψ 2 are the wavefunctions of two initial and final charge-localized states. 32, 42, 43 For an n-dimensional and spatially isotropic system, in which homogeneous charge diffusion can be assumed, D can be evaluated as: (6) where n = 3 and i runs over all nearest adjacent molecules while r i , k i are, respectively, the corresponding center-to-center hopping distance and the electron transfer rate constant (obtained from eqn. (1)), and p i is the hopping probability calculated as by:
21,32,44
In the low field limit, the charge carrier mobility (µ hop ) can be described by the Einstein's relation (8) where T is the temperature, k B is the Boltzmann constant, e is the electron charge and D is the diffusion coefficient. 21, 32, 44 Computational methods. DFT (B3LYP 45, 46 and PBE0 47, 48 ) methods as implemented in Gaussian09 (revision B.01) 49 were used for the different calculations of molecular structures, vibrational frequencies and electronic properties described below.
Concretely, infrared and Raman spectra were assigned using the harmonic vibrational frequency scale factors reported by Merrick et al. 50 on the basis of vibrational frequencies calculated at the B3LYP/6-31+G* level on a structure optimized at the same level of theory within the isolated molecule approximation. Electronic transitions were analyzed at the time-dependent (TD)-PBE0/6-31+G* level for both the isolated and solvated molecule within the Polarizable Continuum Model (PCM) methodology. 51, 52 TD-PBE0 has already been successfully employed to predict the electronic excitation spectrum of Ph 2 Tz   8 and other conjugated organic compounds 53, 54 as well as to calculate low-energy transitions for conjugated organic compounds when solvent effects are taken into account through the PCM approach. 55 PCM/TD-PBE0/6-31+G* calculations were carried out on molecular structures calculated at both the PCM/PBE0/6-31+G* level and the PCM/MP2/6-31+G* level (Møller-Plesset second order perturbation theory).
56-59
Both methods were employed in order to assess the overplanarity usually rendered by DFT methods for conjugated molecules and the effect on its electronic spectrum. 60, 61 Semiconducting related properties (E LUMO , EA, λ i and t 12 ) were calculated at the B3LYP/6-31+G* level of theory. Although Koopman's theorem is not rigorously applicable to Kohn-Sham orbital energies, Perdew proved a connection between ionization potentials/electron affinities and HOMO/LUMO energies through Janak's theorem (see, e.g. ref.
62-64 and references therein). In this sense, B3LYP has been proven to be accurate enough for predicting EAs 65, 66 and provides theoretical λ i values in good quantitative agreement with the experimental ones from gas-phase ultraviolet photoelectron spectroscopy. 67 Zhang and Musgrave have also reported B3LYP yields lower errors in the LUMO energy calculation of small organic molecules than other DFT methods with a higher percentage of HF Exchange.
68
The 6-31+G* basis set is recommended in calculations involving anionic species. 64 Crystal structures were modeled with PBE 47 and a numerical double-ζ + polarization atomic orbital basis set, where the ions are described with norm-conserving
Troullier-Martins pseudopotentials, as well as with PBE using a Grimme`s dipersion correction term 69 with a DZP basis set, PBE-D/DZP using the SIESTA code. 70 All the atomic positions and lattice parameters were relaxed using the conjugated gradient minimization method. The X-ray structures obtained in this study were used as starting points to model the 2 Tz crystal were employed as the starting points. Afterwards, the electronic coupling parameter t 12 was calculated for the different couples of molecules extracted from both the X-ray structures and the modeled crystals. Thus, the effect that deviations between experimental and theoretical structures lead on calculated charge-transport related properties was also evaluated. Charge transfer integrals were obtained following the so-called projective method, 71, 72 according to which Fock's matrix is written in terms of localized orbitals by using the orbital projection, i.e. the molecular orbitals (MOs) of the selected dimer of stacked molecules are projected on a basis set defined by the MOs of the individual molecules. These calculations were carried out with the Jfrom-g03 code. 2 Tz crystal, the stacks of molecules are Tshaped (see figure 1 ). These results parallel those reported for the crystals of pentacenes, where a change in the crystal configuration is observed on going from the parent pentacene to the perfluorinated pentacene. 14, 23, 74 As also reported for these Table S10 in Supplementary Information) which can be due either to van der Waals interactions may not be the most important driving forces for the bonding within these compounds, 77, 78 or to a fortuitous cancellation of errors or a combination of both. Table S9 . For brevity, only those vibrational assignments related to the most relevant aspects of the molecular structure and the effect of the halogen substituents are discussed here. In Table S9 , a blue shift of the C-H stretching vibrations from (3074 -3019) cm ( Figure S5 and Surprisingly, a quasi-reversible oxidation wave was observed for the parent tetrazine here, Ph 2 Tz, at E 1/2 1.59 V versus the ferrocene/ferrocenium couple at 0.0 V as shown in Figure S5 . Such an oxidation wave was not observed for (FPh) 2 Tz within the acetonitrile solvent window. By contrast, (F 2 Ph) 2 Tz showed an irreversible second reduction peak with a cathodic wave at -2.48 V. A second reduction wave was not observed for Ph 2 Tz which is presumably outside the solvent window. The irreversibility of the second reduction peak of some tetrazine derivatives has been associated to the fast protonation reaction of the strongly basic dianion by traces of residual water or even by acetonitrile. 4 In CH 2 Cl 2 , which is more acidic than CH 3 CN, even the first reduction peaks of Ph 2 Tz and (FPh) 2 Tz are found to be irreversible.
UV-Vis absorption spectroscopy. UV-Vis spectra for Ph 2 Tz and (F 2 Ph) 2 Tz in
n-hexane solution are displayed in Figure 3 . The experimental energy value of the electronic transitions together with the molar absorption coefficients (ε) determined in different solvents (n-hexane, methanol, CCl 4 , CHCl 3 and CH 2 Cl 2 ) are shown in Table 3 for both molecules. The weak, visible band n → π * for tetrazine derivatives does not show any significant shift upon fluorination of the phenyl rings. This is due to the fact that the transition mainly involves HOMO (b 3g ) and LUMO (a u ), both fully localized on the tetrazine ring (see Figures S6 and S7 ) and, hence, the substituents have a reduced effect on its energy (Table S10 ). In contrast, the intense band π → π Table S11 ). The solvent effect was also analyzed within the PCM model and, as a result, calculated and experimental energies for b 3g → a u (n, π * ) transition fit closely each other keeping differences not larger than 0.10 eV (see Table S12 ). MP2/6-31+G* geometry reduces those differences up to 0.03 eV or even less (see Table 3 ). For the b 2g → b 3u (π, π * ) transition, a worse fitting between experimental and theoretical values was observed, TD-PBE0/6-31+G*//MP2/6-31+G* being again the level which behaves best with differences of ca. 0.3 eV (see Tables 3 and S12). Those differences between experimental and calculated energies are within the expected accuracy for TD-PBE0. For instance, in the extensive TD-DFT benchmark reported by Jacquemin et al. 80 and a later review by Laurent and Jacquemin, , respectively. The red bars correspond to the oscillator strengths (f) calculated for the electronic transitions of (F 2 Ph) 2 Tz in n-hexane solution at the TD-PBE0/6-31+G*//MP2/6-31+G* level within the PCM methodology. Spectroelectrochemistry. Figure 4 shows the UV-Vis-NIR spectra for neutral and monoanion species of Ph 2 Tz and (F 2 Ph) 2 Tz in CH 3 CN solutions. Table 4 Electron transport related-properties. As stated before, the n-type semiconductor character of the series of studied molecular crystals was evaluated through their ease to electron injection and the efficiency of charge transport inside the material. Electron injection is mainly controlled by the energy difference between the work-function of the injecting metal and the (gas) ionization/affinity levels, HOMO/ LUMO, of the semiconductor for hole and electron injection, respectively, corrected for interface dipoles (see e.g. ref. 83, 84) . These dipoles come from either partial charge transfer metal-semiconductor, the reduction of the metal work function by the organic layer and the occupation of the metal-induced density of interface states in the gap of the organic material. 85, 86 As a result, the gap between semiconductor affinity and ionization levels at the metal/organic interface narrows up to several eVs as compared to the gas-phase, frontier energy levels (see, e.g. ref. 84, 87 and 88) . Any model aimed at a complete description of the metal/organic interface should account for those specific interactions. Accordingly, the free, metal work function and the (gas) HOMO/LUMO levels do not give exact information but it is a guide about the alignment of levels at the interface and, therefore, for the electron/hole barrier injection and trends within a set of related compounds. 85 Thus, one can obtain qualitative information about charge injection efficiency through the Φ m -|E HOMO/LUMO | difference. 85, [89] [90] [91] Calculated E LUMO , EA and λ i (inner reorganization energy) values for the series of tetrazine derivatives are shown in Figure 5 and Table 5 . As stated before, the low LUMO energy facilitates a more efficient charge injection 19, 20, 26, 31 and could also help the environmental stability of the material, although there is still no general guideline for predicting the air-stability of n-type organic semiconductors. 19, 92 Within the studied series, the inclusion of halogen atoms lowers the E LUMO up to ca. 0.6 eV with respect to Ph 2 Tz and, hence, an easier electron injection can be expected. When the halogens are replaced with CN groups the E LUMO is lowered further by 0.7 eV, reaching a value of −4.22 eV. For all studied compounds, injection barriers lower than 0.3 eV have been estimated with respect to some of the most commonly used electrodes, i.e. Na ( = −2.6 eV), Ca ( = −2.9 eV), Sm ( = −2.7 eV) and Mg ( = −3.7 eV). [93] [94] [95] [96] Ohmic contact with the Al electrode ( = −4.3 eV) is only expected for ((NC) 2 Ph) 2 Tz. 97 Electron injection efficiency of an n-type organic semiconductor is also related to EA, which increases by ~0.7 eV (for adiabatic electron affinity, AEA) for haloderivatives with respect to Ph 2 Tz (Table 5 ). The introduction of the CN group, a strong electron-withdrawing group, brings on the highest increase in EA (~1.4 eV for AEA). This fact has already been reported for pentacene, for which the introduction of a few CN groups raises the EA to values larger than those of perfluoropentacene, considered as a prototypical n-type OFET material. 26 The AEA value predicted for ((NC) 2 Ph) 2 Tz (2.86 eV) is near the threshold value of 3.0 eV proposed for Newman et al. 31 to allow an efficient electron injection into the empty LUMO of a semiconductor molecule and the range of AEAs calculated at the same level of theory for pentacenes also including four CN groups (3.05 -3.25 eV). 26 The high EA values calculated for the studied compounds gives an idea about the stability of the radical ion molecule toward quenching caused by molecular oxygen (the AEA calculated with B3LYP for O 2 is 0.59 eV while the experimental EA determined by photoelectron spectroscopy is 0.448 ± 0.006 eV). Table 5 ), but in general the localized character of the LUMO orbital for all the selected diphenyls-tetrazine derivatives does not allow an easy charge excess accommodation. However, higher λ i values are being reported for other small, π-conjugated molecules with halogen atoms such as fluoro and chloro tetrasubstituted oligothienoacenes. 99 As concerns the electronic coupling parameter t 12 , calculated values on the theoretically modeled Ph 2 Tz and (F 2 Ph) 2 Tz crystals are consistent with those calculated on the crystals from X-ray diffraction. Halogen substituents produce stronger overlapping between molecular orbitals of neighboring molecules, in such a way that t 12 values for pathway 1 of (F 2 Ph) 2 Tz, (Cl 2 Ph) 2 Tz and (Br 2 Ph) 2 Tz become more than double those for Ph 2 Tz and ((NC) 2 Ph) 2 Tz (see Figure 1 and Table 6 ). Ruiz Delgado et al. 14 also observed an increase in the electronic couplings for tetracene and pentacene crystals upon perfluorination, being the largest ones those for molecules stacked in a displaced cofacial configuration. In general, transfer integrals for the main pathway in each compound turn out to be higher than those calculated by Vaini et al. Di Donato et al. 102 have also reported t 12 values for a series of diimides derivatives within the range 74 -96 meV, calculated at the B3LYP/3-21G level. Both diimides and perylenes are two families of compounds which are currently being studied due to their potential n-type semiconductor character and successfully been incorporated in the fabrication of electronic devices. [103] [104] [105] [106] Absolute values for the electron-transfer rate constant and charge mobility were calculated through eqns. (1) and (8) and are shown in for series of cyanovinyl-substituted oligothiophenes using the MLJ model. 110 Again, the µ values calculated for the diphenyl-s-tetrazine derivatives lie on the lower limit of the theoretical values reported for some common n-type organic semiconductors and therefore high electron transport efficiencies should not be expected for these compounds.
Finally, the analysis of the effect of the substituent on the electron mobility is interesting in order to discuss new guidelines for the design of new n-type organic semiconductors. For an easier comparison, the relative charge mobilities (µ rel. ) with respect to the parent compound, Ph 2 Tz, have been also collected in Table 6 . For all studied diphenyl-s-tetrazine derivatives, estimated relative mobilities are larger than 1. → LUMO+1 (b 3u ) transitions for both compounds. TD-PBE0/6-31+G* yields a suitable spectrum prediction for low energy bands, especially when the geometry is previously optimized at the MP2/6-31+G* level including solvent effects. For the corresponding anionic species, very low energy bands (1.7 − 2.2 eV) appear, which are assigned to a π → π* transition involving SOMO α (a u ) and LUMO (b 3u ). The characteristic bands described for the neutral species do not suffer a significant energy shift.
As concerns n-type semiconducting character, ((NC) 2 Ph) 2 Tz should exhibit the more suitable electron injection properties, followed by the halogenated derivatives. In general, an ohmic contact with some of the most common electrodes has been predicted for all (X 2 Ph) 2 Tz compounds. On the other hand, the highest electron couplings between neighbor molecules in the crystal as well as the highest mobility value has been estimated for (Br 2 Ph) 2 Tz. A closed mobility value was also estimated for (F 2 Ph) 2 Tz.
Hence, the most efficient electron transport could be expected for both the fluorinated and brominated derivatives. Anyhow, estimated drift mobilities are in the lower limit of the experimental and theoretical values reported for common n-type organic semiconductors and therefore high electron transport efficiencies should not ordinarily be expected for diphenyl-s-tetrazine derivatives.
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